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Abstract 
Heavy ion microprobes (HIM) such as 3 MeV 
Si2+ and 3 MeV p2+ have been applied to the elemental 
analysis by PIXE (proton-induced X-ray emission). It 
was found that silicon and phosphorus microprobes have 
several times higher sensitivity for aluminum Ka X-rays 
than 2 MeV p·roton microprobes, and detection limits 
were more favorable in a phosphorus microprobe. Using 
a 3 MeV p2+ microprobe, the liver of a rat, which had 
been injected with aluminum-lactate, was investigated 
and it was found that aluminum segregates in areas with 
a dimension of about 10 µm. These areas could hardly 
be observed with 2 MeV proton microprobes. 
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Introduction 
MeV ion beams with a size of a few µm (nuclear 
microprobe) are powerful tools for microanalysis (Legge 
and Jamieson, 1991). The most versatile technique with 
the microprobes is PIXE, particle induced X-ray emis-
sion (Johansson and Johansson, 1976), because it is con-
venient, non-destructive, rather highly sensitive, and 
multi-elemental. No special treatment of samples is nec-
essary. The applications of PIXE using a microprobe 
for materials or biological research have been the subject 
of many papers (Vis, 1985). The most frequently used 
incident ions for such studies are light ions, namely, 
protons or helium ions. 
Heavy ion microprobes (HIM), such as focused 
carbon or silicon ions, were seldom used for PIXE anal-
ysis in previous studies. The reasons are that the mech-
anism of X-ray emission is complicated and the back-
ground yield is considered to be generally higher 
(Johansson and Johansson, 1976). However, some ad-
vantages over light ions are expected for PIXE with 
HIM. For example, enhancement of the X-ray emission 
yield is expected by large Coulomb interactions or mo-
lecular orbital effects (Garcia er al., 1973). According 
to the theory of molecular orbital effects, one can in-
crease the sensitivity for a targeted atom by choosing an 
ion next to the atom in the atomic table (Hori no et al., 
1993). As the penetration depths of HIM are shallow, 
the sensitivity near the surface becomes high. One can 
also analyze the chemical state with heavy ions if a high 
resolution crystal monochromator is used. 
In this paper, HIM has been applied to the detec-
tion of aluminum by PIXE. The Al-Ka X-rays from alu-
minum foil induced by silicon or phosphorus micro-
probes were investigated. The ionization cross-sections 
and the minimum detectable weights of aluminum were 
measured. In order to demonstrate the advantage of the 
HIM for microanalysis, the aluminum distribution in the 
liver of a rat, which had been subcutaneously injected 
with aluminum lactate, was observed by PIXE using a 3 
MeV P2 + microprobe. In order to compare light ions 
bombardment, a proton microprobe was also employed 
for all these experiments. 
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Experimental Apparatus and Procedures 
Figure 1 shows a schematic illustration of the 
heavy ion microprobe system (Hori no et al., I 991). The 
beam generator is a tandem type accelerator with the 
maximum terminal voltage of 1.5 MY. The focusing 
system consists of objective slits, subsidiary slits and a 
magnetic quadruple doublet (MQD). The objective slits 
are used to form an imaginary ion source. The subsidi-
ary slits are used to eliminate scattered ions at the objec-
tive slits and to define beam spreads. The MQD is used 
to focus the imaginary ion source on a target surface. 
The focusing system has two pairs of electrostatic scan-
ning plates which can deflect the beams horizontally and 
vertically by 130 µm x 130 µm at a target surface for 3 
MeV Si2+ ions. These are used to obtain elemental 
maps or to locate a microbeam on a desired area. The 
ultimate vacuum of the beam line and the target chamber 
were 1 and 3 x 10-7 Torr, respectively. The beam cur-
rent was measured by a Faraday cup which was set near 
the target. The microbeam line and the chamber are on 
an anti-vibration base. The beam size was about 3 µm 
x 3 µm and current density was about 0.8 pA/(µm) 2 for 
the ion microprobes used in this work. 
Figure 2 shows a block diagram of the analyzing 
system. A Si(Li) detector with 15 µm beryllium window 
was used for X-ray detection. Its energy resolution is 




Figure 1. Schematic illustration of the 
tandem type accelerator, the microbeam 
line, and the other system at ONRI. 
(FWHM) of the Mn-Ka X-ray peak. A 32-bit micro-
computer controls the beam scanning and collects the 
signal from the detector through a multichannel analyzer 
(MCA). During scanning of the microprobe, yields 
from the detector are stored in the computer memory at 
each microprobe position for obtaining mapping images. 
An 11 M-bytes RAM has been attached to the computer 
so as to store full-channel (512 channels) spectra from 
the MCA at each beam position. 
The aluminum foil was prepared bye-beam evap-
oration on a graphite substrate. The thickness was 63 
nm as determined by Rutherford backscattering using 1. 8 
MeV He+ beam. The PIXE spectra of the sample were 
measured using focused beams of a few MeV of silicon, 
phosphorus, and hydrogen ions without scanning. 
The rat livers were prepared as follows. Eight 
months old male rats were fed with MF® diet (Oriental 
Co. Ltd., Tokyo), that is a standard diet for rats which 
contains sufficient nutrients for the growth of rats. The 
rats were injected daily with aluminum lactate (IO mg 
Al/kg of body weight) subcutaneously for 10 days, and 
sacrificed 10 days after the last injection under ether 
anesthesia. The livers were quickly removed and dis-
sected. Small pieces of tissues were cut to sections 
about I mm thick. The sections were dried in a desic-
cator at J05°C for 36 hours. The PIXE spectra of the 
samples were measured using the focused or non-focused 
3 MeV p2+ or 2 MeV proton beam. 
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Figure 3 shows X-ray spectra of the aluminum 
foil induced by 3 MeY Si2+ (circles), 3 MeV p 2 + (tri-
angles) and 2 MeV H + (crosses) microprobe. The 
yields were normalized to the number of the incident 
ions. In the proton impact, the spectrum is a single peak 
representing Al-Ka X-rays (energy = 1.486 keY). In 
the heavy ion impacts, broadening of the peak of the Ka 
X-ray occurred and there are additional small peaks 
originating from the incident ion itself. However, the 
yield of the Al-Ka X-ray for silicon or phosphorus im-
pacts is several times larger than that for the proton im-
pacts. The sensitivity of aluminum detection was high 
and, furthermore, the signal to noise ratio (S/N ratio) 
was better. As silicon is the next element to aluminum, 
the SIN ratio is not so good because of high background 
originating from Si-Ka X-ray. The phosphorus impact 
is better as no overlap between Al-Ka and P-Ka occurs. 
Figure 4 shows X-ray spectra of the rat liver ob-
tained by 3 MeV p2+ ions (dark curve) and 2 MeV pro-
ton (faint curve) beams without focusing. The irradiated 
area was about 300 µm x 300 µm for both beams. The 
yields were normalized to the number of the incident 
ions. The differences between the two spectra are very 
clear. The Mg-Ka, Al-Ka, and P-Ka X-rays are distinct 
for the 3 MeV P2 + impact. However, the phosphorus 
signals can be mainly ascribed to the incident ions. On 
the other hand, the S-Ka and K-Ka are dis ti net for the 
2 MeV proton impact. 
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An elemental map of aluminum obtained by the 3 
MeV p 2 + microprobe is shown in Figure 5. The dimen-
sion is about 130 µm x 130 µm. Although the yields are 
not so high, Figure 5 shows segregated areas of alumi-
num with a dimension of about IO µm. This distribution 
could not be observed with the protons because the 
signal intensity was too low. 
The micro-PIXE measurements were performed 
by a 3 MeV p 2 + microprobe at two positions of interest 
on the elemental map. Figure 6 shows the X-ray spectra 
of positions A (open circles) and B (crosses) indicated in 
Figure 5. Aluminum signal appears clearly in the spec-
trum of position A, but not in position B. These spectra 
support the result that there is an inhomogeneous distri-
bution of aluminum in the liver. 
Discussion 
It is a great advantage that aluminum can be de-
tected easily by the silicon or phosphorus microprobes. 
The binary encounter approximation theory (BEA) 
(Garcia, 1970) suggests that the ionization cross-sections 
are proportional to the square of the incident atomic 
number if the incident velocities are the same and suffi-
ciently high compared to the velocity of target electron. 
However, the ratio of the incident velocity of the phos-
phorus to the outer electron velocity of aluminum is 
roughly estimated to be 0.36. That is not sufficiently 
high to increase ionization cross-section by only binary 
encounter interaction. On the other hand, since the 
atomic numbers of aluminum and silicon or phosphorus 
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80 1 00 120 140 Figure 4. X-ray spectra of rat liver by a 3 MeY p 2 + 
(dark curve) and 2 MeV proton (faint curve). The yields 
were normalized by the number of incident particles. 
The rat was injected with aluminum-lactate subcuta-
neously (see text). 
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Figure 3. X-ray spectra of aluminum thin film evapo-
rated on a graphite substrate induced by the focused 3 
MeY Si2+ (circles), 3 MeV p2+ (triangles), and 2 MeV 
proton (crosses) beams without scanning. The yields 
were normalized by the number of incident particles. 
are close, the molecular orbital effects or electron pro-
motion at the atomic level increase the ionization cross-
section (Garcia et al., 1973). The bremsstrahlung from 
secondary electrons, the major origin of background, is 
lower due to the low velocity. Thus, the S/N ratio of 
heavy ions is better. Furthermore, since several Ka 
X-rays are emitted because of multiple ionization, ener-
gy shift and broadening was observed in the Ka X-ray 
peak induced by the HIM. Using data of the proton 
K-shell ionization cross-section, which is 3.3 x 10-20 
cm 2 for 2 MeV (Garcia, 1970), the average K-shell ioni-
zation cross-section for the silicon and phosphorus were 
calculated to be 1.3 x 10-19 and 1.4 x I 0- 19 cm 2, respec-
tively. It was assumed that the fluorescence yields do 
not depend on the incident species. 
The minimum detectable weights of aluminum are 
listed in Table I for the three microprobes. They were 
determined by the following relation (Johansson and 
Johansson, 1976): 
Np > 3 (Nb) 112 
where Np is the number of the pulses and Nb is the 
background. This weight for phosphorus microprobe is 
two times better than that of the protons because of a 
better SIN ratio. 
The elemental map obtained by the 3 MeV P2 + 
ions suggests that aluminum atoms form small clusters 
with a diameter of around 10 µm. It is well known that 
the dimensions of the liver cell and the nuclei of the cell 
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are about 30 µm and IO µm, respectively (Phillips et al., 
1987). Hence, we propose that aluminum atoms are ac-
cumulated by the nuclei, which is consistent with recent-
ly published results (Yumoto er al., 1993). 
It is important to estimate the effective depth 
range which the Al-Ka X-ray could penetrate to reach 
the target surface with out significant attenuation. As the 
liver is a complicated material, the estimation was per-
formed for aluminum substrate. The estimated ranges 
should not be very different from what one would esti-
mate for the dried liver. 
The projectile ranges of 3 MeY p2+ and 2 MeV 
protons in aluminum are calculated to be about 2.4 and 
41 µm by the TRIM code (Biersack and Haggmark, 
1980), respectively. The effective depth range is esti-
mated by integration of crexp(-µt)dt from surface to the 
projectile range, where cr is the cross-section, µ is the 
X-ray absorption coefficient, and tis the depth (Feldman 
and Mayer, 1986). With some approximation, the effec-
tive range were roughly estimated to be 2.0 µm for 
phosphorus and about 4 times larger for protons. Thus, 
the sensitivity at the surface region is high. Further-
more, if aluminum atoms were distributed homogeneous-
ly in the nuclei, we should have been able to obtain a 
higher yield in a proton-generated PIXE spectrum or in 
an elemental map. So we suggest that aluminum is con-
centrated near the surface region of the nuclei. The area 
of aluminum peak in Figure 6 is equivalent to that ob-
tained from an aluminum film of 40 nm in thickness. 
The mechanism of the aluminum accumulation in 
liver will be examined in the future. It should be noted 
that the phosphorus microprobe gives us a great deal of 
information on aluminum in the liver very easily. 
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Figure 5. PIXE-elemental map of Al-Ka in rat liver 
(3 MeV p2+). 
Conclusion 
The heavy ion microprobe has been applied to the 
analysis of aluminum. Using a phosphorus microprobe, 
it is shown that the sensitivity is high and the SIN ratio 
is better as compared with the proton microprobe. The 
minimum detectable weight of aluminum is lower for the 
HIM. The rat liver that was injected with Aluminum-
lactate subcutaneously was analyzed by PIXE-mapping 
and micro-PIXE methods using 3 MeV P2 + or 2 MeY 
proton microprobes. It was found that the heavy ion mi-
croprobes have a higher sensitivity for elements such as 
aluminum and the 2 MeV proton probe has a higher sen-
sitivity for heavier atoms. It was also found that alumi-
num atoms segregate in areas with a dimension of about 
10 µm in the rat liver. 
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Discussion with Reviewers 
G. Legge: In your Table 1, are the minimum detectable 
weights estimated for the same Al peak heights, the 
same backgrounds, and the same beam currents, or for 
the maximum available beam currents in each case? 
What were the maximum beam currents available for 
these three ion beams with your accelerator at the same 
spatial resolution? 
Authors: The minimum detectable weights are esti-
mated from the spectra in Figure 3 which were obtained 
for the maximum available beam currents in each case. 
The maximum beam current for each of the three micro-
probes was 7 pA. 
K.G. Malmqvist: Are the minimum detectable amounts 
based on calibration or calculated cross-sections? 
Authors: They are estimated from the spectra in Figure 
3. As the target was a aluminum thin film with a thick-
ness of 63 nm, the change in the ion energy can be 
neglected. 
G. Legge: ls it possible that the different results for Al 
mapping achieved with P and with proton beams are as-
sociated mostly with the reduced penetration of the P 
beam? 
Authors: Yes, it is. This could be the major advantage 
of using heavy ions for PIXE analysis as presented in the 
text. 
G. Legge: Is it possible that much greater penetration 
of the proton beam led to its exciting many more Al con-
centrations and hence the proton-generated elemental 
map showed a more uniform distribution of Al? 
Authors: Yes, it is possible that the proton beam ex-
cited more Al at a greater depth. However, we obtained 
only a very low signal intensity in the proton-generated 
map. So we propose that Al atoms are present in the 
surface region of the nuclei. 
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R. Vis: In my view, the authors should make a choice. 
Either they should evaluate the best way to analyze Al in 
the liver with respect to the beam, its energy etc., or 
they should evaluate the value of heavy ion beam such as 
P and Si for (micro-)PIXE by analyzing a few reference 
materials and quantifying the results. 
Authors: We agree with the comments. The study to 
evaluate the value of heavy ion beam for analysis is in 
progress. There are many combinations of ion beam and 
material. In this paper, we wish to show that the use of 
P or Si beams is a better way to analyze Al than the 
proton beam. 
K.G. Malmqvist: The shallow depth is also a problem 
since the analyzed region will be very sensitive to any 
surface contaminant. How do you avoid such effects and 
ascertain representative analysis? 
Authors: As the effective range is a few µm, usual sur-
face contamination is not a problem. The serious sur-
face contamination will also affect analysis with light ion 
PIXE. In such a case, it will be necessary to clean the 
surface. 
K.G. Malmqvist: The current density is rather low. ls 
it realistic for analytical work? Is it limited by the 
hardware or selected to avoid damage? 
Authors: The current density is limited by the hard-
ware, but it is realistic for analytical work as we have 
presented in this paper. 
K.G. Malmqvist: Is the ion energy selection based on 
hardware characteristics or on physical considerations? 
Authors: It is based on physical considerations. We 
selected the ion energy to obtain good a SIN ratio. 
K.G. Malmqvist: Are the aluminum concentrations 
used and detected realistic for studies of biological 
effects? 
Authors: Yes, we think so. We are going to examine 
the mechanism of aluminum accumulation in rat liver in 
more detai I. 
